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Major anthropogenic sources of metals into natural water systems include mining, industry, 
municipalities, and agriculture.  Although potentially toxic metals usually occur in mixtures instead of 
alone in water, the toxicity of metal mixtures currently is difficult to predict accurately. As part of a project 
to provide mixture-toxicity data for development of multi-metal toxicity models, the toxicity of binary Cu-
Ni, Cd-Ni, and Ni-Zn mixtures was tested. To analyze the interactions of these metals, Daphnia magna 
neonates were exposed to the metals individually and in binary combinations in standard 48-h toxicity tests 
conducted in USEPA moderately hard reconstituted water to which 6 mg/L of Suwannee River fulvic acid 
was added (resulting in dissolved organic carbon concentrations of approximately 3 mg/L). For each 
combination of metals in the binary mixtures, one metal was held constant at a specified concentration 
while the second metal was varied through a series that ranged from nonlethal to lethal concentrations; 
then the roles of the two metals were reversed in a separate series of tests. The Ni-Zn binary combinations 
tested provided evidence of response-additive toxicity that is easily predicted from known single-metal 
toxicities. On the other hand, sub-lethal concentrations of Ni protected against the toxicity of Cd, with 
mortality only occurring at considerably higher Cd concentrations than in paired Cd-only tests (i.e., less-
than-additive toxicity). In contrast, based on dissolved-metal concentrations, a synergistic (i.e., greater-
than-additive) toxicity occurred in binary Cu-Ni mixtures; with mortality occurring at concentrations of 
each of the two metals that were lower than in the paired single-metal tests. These findings provide 
evidence for the dominance of competition between metals for complexation to biological ligands or to 
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1.1 Metals and metal mixtures in the environment 
Surface waters can be contaminated by metals through a variety of pathways including 
point sources such as discharge from industries and municipalities, and non-point sources such as 
storm-water runoff, agricultural runoff, or mineral weathering [1]. Acid mine drainage (AMD) 
can be a major point and/or nonpoint source of metals in mining regions, including the Mineral 
Belt of Colorado. Water can become acidified when iron sulfide ore (pyrite) oxidizes to form 
sulfuric acid [2]; and AMD occurs when those acidic waters flow out of a mine or over and 




 O2 +  
 
 




 + Fe(OH)3(s)                  (1.1) 
The acidic waters can enter surface waters through storm-water and snowmelt runoff (and even 
during base-flow periods in some situations), reacting along the way with metal-rich mineral ores 
and thereby releasing metals by acidic dissolution. Contact with metal sulfides other than pyrite is 
of particular concern, because those sulfides can also be oxidized and thereby exacerbate the 
release of metals and the acidification of the water. 
Under acidic conditions, metals dissolved in water tend to exist predominantly as free 
metal ions [2], as illustrated for Zn in Figure 1.1. With respect to the total metal concentration in a 
system, the concentration of free metal ions has been most directly linked to toxicological effects 
in organisms [3]. It is hypothesized that free metal ion is the most bioavailable to an organism. 
Bioavailability is loosely defined as the degree and rate at which a substance is made available at 
a site of toxic action [4], and the bioavailable metal is operationally defined as the amount that is 
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taken up by an organism in a given exposure scenario. However, it is not until a substance 
interacts at a site of action that an organism may experience adverse effects, including death. 
Recent models have labeled this site of action as a “biotic ligand” capable of interacting with the 
potential toxicant.    
Trace metals found at and near a sulfide ore mine site generally include but are not limited 
to: nickel, copper, lead, cadmium and zinc. Due to natural geochemical variations in terrain, these 
metals rarely occur alone in a natural system, but instead are found in mixtures of multiple metals 
in soils, ground waters, and surface waters. For this reason, it is important to have detailed 
knowledge of the effects of metal mixtures on organisms in order to develop adequate water 
quality regulations.  
 
Figure 1.1: Diagram of equilibrium speciation of zinc across a range of pH values. All metal 
chalcophiles will act similarly to zinc and favor the M
z+
 speciation at low-to-mid pH values [5, 6]. 
In this diagram, the vertical axis represents the concentration of the species on a percentage basis 
and L represents a naturally occurring ligand that will tend to complex with the metal such as 
carbonate ions or dissolved organic matter. Diagram from Bianchini et al. [6]. 
 
1.2 Current regulatory regime 
Worldwide and also in the USA, current water quality criteria or guidelines for regulating 
contaminants rarely consider the potential effects of mixtures of metals (or other chemicals) [7]. 
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Instead, regulatory decisions are usually based on results of toxicity tests that were conducted 
with single metals. However, efforts are being undertaken in Europe to determine how to 
effectively regulate chemical mixtures [8]. To address the need for ways to quantitatively predict 
the toxicity of metal mixtures to aquatic organisms, some metals-industry organizations (e.g., 
International Copper Association, International Zinc Association, Nickel Producers 
Environmental Research Association, and Rio Tinto) have funded a Metal Mixtures Modeling 
Evaluation (MMME) project. Several of those organizations have also funded my thesis research, 
because a coordinated set of toxicity results was needed to provide datasets with adequate toxicity 
and water chemistry results to the toxicity-modeling groups. 
Recent studies have shown that toxicological effects of metal mixtures may deviate from 
response-additive predictions [7]. Response-additivity is defined by the assumption that the 
toxicants are ‘functionally independent’ of one another [9] and as a result, two substances used in 
combination produce a total effect that is the simple combination of the individual effects.  
Concentration (or dose) additivity, on the other hand, is defined by the assumption that the two 
substances affect the same site(s) of action [10]. Thereby, the dose of one of the toxicants is 
functionally dependent on the concentration of the other toxicants that are bioavailable to the 
organism.  
Although these assumptions seem logical, variations of metal aqueous speciation, metal-
ligand competition, and the reactivity of the metal with an organism are all factors that complicate 
this system to an extent that toxicity no longer becomes predictable using a response-additive 
assumption. Therefore, after the response additivity is defined for a specific system, interactive 
(mixture) toxicities can be compared to the predicted response-additive curve. Significant 
deviations between the predicted response-additive curve and the observed curve might infer that 
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the metal mixture is not additive.  Examples of results that might be expected for additive and 
non-additive toxicity in binary metal mixtures are illustrated in Figure 1.2, and include (1) less-
than-additive effects, in which mortality is suppressed at lethal concentrations of one constituent, 
as well as (2) more-than-additive effects, in which mortality is greater than predicted from single-
toxicant lethality.   
In Figure 1.2, the concentration of Metal #1 is assumed to be constant during a given 
binary-mixture toxicity test, and in this theoretical example is shown to result in a constant 
background of 40% mortality. The blue dose-response curve shows increasing toxicity occurring 
at the same Metal #2 concentration that causes toxicity when Metal #2 is alone in solution; 
therefore, this curve illustrates response-additive toxicity. The red, pink and green curves, 
however, illustrate that as increasing concentrations of Metal # 2 are added to a constant 
“background” concentration of Metal #1, variations from the response-additive (blue) toxicity can 
occur. More-than-additive toxicity occurs when mortality increases at concentrations of Metal # 2 
that are lower than the concentrations that would be lethal in a single-metal toxicity test. This is 
indicated by the red curve that is shifted to the left of the blue additive-toxicity curve. A shift to 
the left indicates a decreased ECx, where ECx represents the effective concentration that causes 
x% mortality. A lower ECx corresponds to greater toxicity. On the other hand, less-than-additive 
toxicity may be manifested in two different variations, as shown by the pink and green curves in 
Figure 1.2. The green curve illustrates a shift to the right (increased ECx), demonstrating that 
higher concentrations of Metal # 2 are needed to cause a specified amount of mortality. Finally, 
the pink curve represents a protective effect of Metal #2 on the toxicity of Metal #1, because the 
toxicity caused by Metal # 1 is suppressed by increasing concentrations of Metal #2 until a high 
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enough concentration of Metal # 2 is added to the mixture. At this and higher concentrations of 
Metal #2, the toxicity of Metal # 2 begins to adversely affect the organisms.  
 
Figure 1.2: Illustration of several possible toxicological responses to binary mixtures [7]. 
Although metal-mixture toxicity tests have been conducted for many decades, few 
coordinated sets of tests with adequate toxicity and water chemistry results have been conducted 
[7]. Integrative literature reviews conducted by Norwood et al. [11] and Vijver et al. [10] analyzed 
decades of metal-mixture data in attempt to discover patterns in metal-mixture toxicity and 
ultimately determine whether toxicological effects caused by these mixtures are sufficiently 
understood, predicted and regulated.   Those reviews indicated that approximately75% of metal-
mixture tests resulted in additive or less-than additive toxicity, whereas only approximately 25% 
of mixtures experience a more-than-additive toxicity [11, 10]. Generalizing the results of 
Norwood et al. [11] and Vijver et al. [10], the assumption of additivity of metal-mixture toxicity 
might be considered conservative from a regulatory perspective. However, that assumption might 
be under-protective for some metal mixtures. In fact, results of a recent study of the toxicity of a 
large number of binary mixtures of Cd, Cu, and Zn that was conducted at Colorado School of 
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Mines [7] demonstrate that the additivity or non-additivity of metal mixtures depends on the 
metals in the mixture and can even depend on the concentrations of the metals. Therefore, 
mechanistic models might be needed to predict that wide range of results, and coordinated 
toxicity-and-chemistry datasets with more metals are needed to help parameterize such models. 
My study of the toxicity of binary mixtures of Ni paired with Cd, Cu, and Zn helps meet that 
need.  
1.3 Biotic Ligand Model and ecotoxicity potential 
Based on the results of recent toxicity studies (including the results presented in this 
thesis), it is evident that assessment approaches for determining water quality standards may need 
to be re-evaluated using mechanistic models that integrate principles of bioavailability and 
software modeling in order to ensure sufficient environmental protection. As is important in 
single-metal exposures, the combined bioavailiabilities of the metals in a mixture will influence 
the toxicity of the mixture.  
A contaminant may exist in a potentially bioavailable form and yet an organism may 
experience no toxicological effect if the contaminant is not bioreactive [4, 12]. As depicted in the 
schematic in Figure 1.3, a contaminant can be in equilibrium between a ‘bound’ and ‘released’ 
state, either of which might reach the organism through a variety of mechanisms including dietary 
uptake. At this stage, the contaminant is bioaccessible to the organism, but it is not necessarily 
bioavailable. In order to be considered bioaccessible to the organism, the contaminant in question 
must exist in a form that may be taken up by the organism [4]. In the case of these toxicity tests, 
the contaminant must be in the aqueous phase in order to interact with the organism. However, it 
is not until the contaminant passes across the biological membrane (is internalized by the 
organism) that it becomes bioavailable. Neither of these processes determines the amount of 
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toxicity the organism will experience, however. It is not until the contaminant reaches the target 
organ or the ‘site of biological response’ at which adverse effects occur that the contaminant is 
truly defined as bioreactive and thus is a toxicant.  
 
Figure 1.3: Map of contaminant transfer originating in surrounding waters through membrane 
transport to be internalized by the organism. [13] 
  
The Biotic Ligand Model (BLM) is a tool to evaluate the effects of water chemistry on 
aquatic toxicity by attempting to evaluate the processes that affect metal accumulation on a target 
tissue (i.e., the biotic ligand). In early metal-toxicity studies, the toxicity potential was evaluated 
with heavy emphasis on the target organism and any associated biological variables rather than on 
analysis of the exposure medium and its parameters [14].  However, since 1975, numerous studies 
have shown a direct correlation between parameters of water chemistry (pH, alkalinity, hardness, 
dissolved organic carbon concentration [DOC]) to toxicity. Metal speciation is an important 
component in determining the toxicity potential because it is hypothesized that only a fraction of 




Figure 1.4: Biotic Ligand Model diagram, illustrating the relationship between aquatic chemistry, 
biotic uptake of metal toxicants, and the physiology of the effected organism [5].  
 
As illustrated in Figure 1.4, the BLM assumes that the free metal ion is capable of causing 
toxic effects to the organism, but that it must compete with other constituents in the system in 
order to effectively result in toxicity. Specifically, a biotic ligand (BL) is postulated to be a single 
type of binding site existing on an organism that can bind toxicants and can be a site of toxic 
action [5]. On any given organism, there are theorized to be a large number of metal-binding sites, 
each of which is specifically coded to only a specific toxicant that may cause an adverse effect to 
the organism. For instance, if a harmful pollutant, X, exists in solution with an organism, one BL 
site may react adversely to the exposure of X while others may experience no adverse effect, 
depending on the specific ligand at that site. Ultimately, these effects may be quantized as an 
LA50 (accumulation causing 50% mortality) based on the amount of the toxicant that was bound 
to the organism (i.e., to the gills of a fish).   
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In Figure 1.4, dissolved organic matter (DOM) is situated on the far left because it is 
assumed to have no direct interactions with the organism. The DOM utilized in this study was in 
the form of fulvic acid. Fulvic acids consist of a variety of molecules containing functional groups 
including (but not limited to) aromatic rings with hydroxyl groups and carboxylic acids. At mid-
range pH values (including those generally found in natural environments), the majority of the 
acidic functional groups will be deprotonated [15]. As a consequence of this, DOM is capable of 
acting as a ‘sink’ for positively charged ions and thus greatly influences the ions that remain as 
hydrated cations (M
z+
) in solution. Therefore, DOM greatly influences the resulting toxicity of 
metals. DOM is a byproduct of the decomposition of organic matter, the complexity of which 
cannot be uniquely characterized at the molecular level. Nonetheless, Figure 1.5 illustrates a 
representative structure of many DOM molecules and their functional groups [16, 18]. Organic 
carbon comprises approximately 50% of fulvic acid and exists at concentrations ranging from 
approximately 1-2 mg/L in arctic and alpine waters to as high as  ≥25mg/L in areas of swamps 
and wetlands [17].   
 
Figure 1.5: Representative structure of a dissolved organic matter molecule with phenolic and 
carboxylic acid sites. In natural systems, the pH of the system will cause many of the sites on this 




DOM is not the only ligand in natural waters that may influence the toxicity of a metal 
mixture. Anions such as carbonates, chlorides, sulfates and hydroxides tend to form complexes 
with metals in a solution [2]. After being complexed, the reactivity of that metal ion and the 
bioavailability of the metal tend to be diminished if not entirely eliminated [19]. Cations that are 








) also can compete directly with the metal ions for 
binding to the BL. Not only will natural ligands (DOM, anions) act as a sink for all these cations, 
but the major cations may also compete with metals for binding to the sites of action directly on 
the BL. As the complexation of majorl cations to natural ligands increases, those ligands become 
less efficient at complexing metals, thereby potentially exacerbating the toxicity of that solution. 
On the other hand, increased complexation of major cations to the BL decreases the amount of 
metal that is able to interact at a target site, which will decrease the toxicity.  
The importance of complexation in influencing bioavailability was first conceptualized in 
the Free Ion Activity Model (FIAM). One assumption of  the FIAM is that variations in MXcell 
follow variations in [M
z+
], thus, making biouptake rates dependent on the concentrations of free-
metal ions in an aquatic system [3]. In this assumption, MXcell is defined as the metal (M) 
accumulated on the organism at a biotic ligand site (Xcell), where [M
z+
] is the concentration of the 
free ion of the metal. However, it was later demonstrated that the free ion concentration by itself 
is a poor indicator of potential toxicity, because it does not account for water chemistry 
parameters such as hardness that also affect the toxic potential [20, 21].  As a step beyond the 
FIAM, the BLM also takes into account competition between major cations and metals, along 
with biological parameters when calculating a toxic potential. A limitation of the BLM, however, 
is that it only considers dissolved metal concentrations (forms that pass through a 0.45µm filter) 
and not particulate matter (forms that do not pass through a 0.45µm filter). Metals can adsorb to 
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the surface of particulate matter, which may later be internalized by the organism through dietary 
intake. 
1.4 The need for more robust metal-mixture parameterization 
As recently as 2011, Vivjer et al. [10] asserted that the ability to predict mixture toxicity 
for specific organisms and/or exposure conditions is currently limited. Accurate prediction of the 
toxicity resulting from metal mixtures is an important component of adequate water quality 
standards and regulation.  Acute toxicity tests reveal short-term effects of metal mixtures and are 
relatively easy to conduct, but it is not economically and realistically feasible to conduct toxicity 
tests with every possible metal mixture. Therefore, toxicity tests are a good starting point, but it is 
hoped that chemical and environmental modelers will be able to characterize the observed 
interactions and ultimately generate software that will accurately predict the toxicity of metal 
mixtures to aquatic organisms. 
Differences between response-additive predicted metal mixture toxicity and the observed 
toxic effects of metal mixtures demonstrates a need for more robust metal-mixture 
parameterization, and specifically for the implementation of adequate water quality standards. 
The goal of water quality standards is to regulate the discharge of contaminants into surface 
waters to protect human health and aquatic life from the negative impacts of potential 
contaminants. Metal mixtures resulting in synergistic (greater-than-additive) toxicity pose a 
greater risk to ecological and human health, because these effects are not accounted for in current 
regulations and are not accounted for with standard assumptions of additive toxicity. On the other 
hand, metal mixtures resulting in less-than-additive toxicity may be of concern to industries and 
municipalities, because the standard assumption of additive toxicity would lead to overly-
restrictive regulation that is not cost-effective.  
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1.5 Thesis objectives  
 The primary goal of this research is to assist in the development of a multi-site, multi-
metal biotic ligand model by providing detailed, reliable data related to the toxicity of binary-
metal mixtures. The toxicity of these mixtures was determined with 48-h acute toxicity tests using 
the freshwater invertebrate, Daphnia magna. Data to be provided to the modelers will include not 
only the metal-mixture toxicity data but also water chemistry and results from single-metal 
toxicity tests.  Single-metal toxicity data was collected alongside mixture data to evaluate the 
consistency of single-metal toxicity tests that were performed at different times. These same data 
were also used to predict response-additive toxicity, which was later compared to the binary metal 
toxicity results to statistically determine if the observed response was, in fact, response-additive. 










BINARY MIXTURES OF NICKEL, COPPER, CADMIUM AND ZINC 
2.1 Introduction 
Freshwater systems are chemically complicated, even without the addition of 
contaminants. Natural ions from mineral weathering contribute to the hardness of the water (Ca, 
Mg), and chemical and physiological reactions by organisms supply and/or consume organic 
matter (CO2, DOC, dissolved O2). When metal ions are added to this system, they can interact 
with any of these constituents or with the organisms directly. An increase in the concentrations of 
natural constituents can decrease metal toxicity experienced by organisms [22]. In effect, natural 
ions can decrease the interactions of metal ions at the site of action on a BL. According to BLM 
assumptions, major cations directly compete for a site on the BL and thereby may prevent the 
toxicant from interacting with the site, directly decreasing the toxicity that the organism 
experiences. To most effectively analyze the toxicity of a metal mixture, it is cruciall to decrease 
the variables of the system. Such variables include major ions that control the hardness and 
alkalinity, and the concentration of DOC in the system.   
To evaluate toxicity that could result at an AMD site, acute toxicity tests were performed 
to mimic what might be similar conditions of an AMD-contaminated stream in which organisms 
may be exposed to high concentrations of a mixture of metals. The metals evaluated in the 
mixtures were nickel, copper, cadmium and zinc. Not only are these metals well characterized in 
the literature and have been studied extensively with respect to toxicological impact, but they also 
are likely to be found in association with AMD-contaminated sites. 
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Toxic mechanisms, especially those exhibiting a non-additive response, may be attributed 
to biological interactions, chemical interactions, or a combination thereof. Unfortunately, it is 
difficult to observe, let alone quantify and support, any hypothesis behind “toxicant-BL” 
interactions. However, recent advances in cell-membrane transport modeling may provide 
improved insight with respect to an organism’s toxicant uptake [22]. Furthermore, geochemical 
modeling programs may be able to quantify a predicted relationship between the metal ion 
concentration and the concentrations of major ions or dissolved organic matter because they are 
capable of taking into account geochemical interactions.   
2.2 Experimental 
2.2.1 Acute toxicity tests 
In this study, 48-h static non-renewal acute toxicity tests were used to evaluate the toxicity 
of single metals and binary-metal mixtures. Tests were comprised of a series of either six or 
twelve combinations of metal concentrations in a gradient designed to produce mortalities ranging 
from 0 to 100%, thereby allowing calculation of EC50 values (the concentration causing 50% 
effect).  Each concentration in the gradient was divided among four test chambers. Five 
organisms were exposed to the solution in each chamber, resulting in a total of twenty test 
organisms exposed to each concentration combination in the gradient. Each chamber contained 25 
mL of exposure water, and chambers were arranged in a gradient of increasing concentration  
[Figure 2.1]. 
The mortality of the organisms was recorded at 24 h and 48 h checks, with immobilization 
as the indicator of mortality. Because the immobilized organisms were not necessarily dead, ECx 
(instead of LCx) is used to represent the concentration that causes x% effect (immobilization). All 
tests were conducted in 2015 VWR Incubators at a temperature of 20±2°C, with a 16-8 light 
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cycle. At 0 h and 48 h, the pH (Thermo Orion 5-Star), dissolved oxygen (DO) content (YSI 55 
Probe), and temperature (YSI 55 Probe) were recorded.  
 
 
Figure 2.1: Diagram of a toxicity-test template, with concentrations increasing with each row. 
Single-metal toxicity tests were conducted in conjunction with each binary mixture. Each 
metal was individually tested in a series of six concentrations for each mixture. As an example, if 
the metals in the binary mixture were nickel and cadmium, a nickel-only and a cadmium-only 
toxicity test would also be conducted. Results from the single-metal tests were compiled with data 
from previous experiments to evaluate repeatability from test to test. The results can be seen in 
Figures 2.4-2.7.  
Table 2.1 Summary of the parameters measured during 48-h acute toxicity tests. 
 Average Standard Deviation 
pH 7.28 0.17 
Temperature (ºC) 20.6 0.2 
Dissolved Oxygen (mg/L) 7.3 0.4 
 
Control Level: 
Concentration of  
Variable Metal ~ 0 ppm 
    
    
    
    
    
    








Daphnia magna were used in all the toxicity tests. D. magna (also known as water fleas) 
are microinvertebrates of the class crustacea and the order Cladocera [23] that are commonly used 
in freshwater toxicity testing.  Some concern has been raised about use of D. magna as a 
representative organism in toxicity tests because “in a few comparative studies D. magna tended 
to be less sensitive to toxic substances than other cladocerans.”[24] It is thought that this may be 
due to life-history (D. magna is highly capable of adapting to natural abiotic stress) and size 
differences between D. magna and other cladocerans. [24] Nonetheless, because they are 
economically feasible to culture in a laboratory, are relatively small (less than 5 mm), reproduce 
parthenogenically, and have a high fecundity, the water flea continues to be approved by the 
United States Environmental Protection Agency (USEPA) for use in toxicity tests [25]. Even 
though D. magna are commonly found in freshwater or brackish systems and thrive at 
temperatures ranging from 18-22ºC, they are relatively large cladocerans (which makes them 
natural prey for visual predators) and are rarely found in areas with vertebrate predators.  
For these tests, neonates were ordered from Aquatic Biosystems, Inc, in Fort Collins, 
Colorado and shipped in USEPA moderately hard water reconstituted water [25] with 
Selanastrum capricornum algae as food. Neonates were sent via same-day shipping to ensure that 
all organisms were less than 24 h old at the time of initial exposure to the metal solutions and 
minimize variability between tests. Prior studies evaluating the influence of the age of the 
organism on toxicity have mostly reported that younger organisms are more sensitive to toxicants 
than older organisms [27]. For each mixture analyzed, single-metal toxicity tests were conducted 





Figure 2.2: Diagram of Daphnia magna adult [26] 
In a separate series of tests, D. magna ephippia were used to determine if ephippial 
neonates have the same sensitivity to individual metals and metal mixtures as asexually produced 
neonates have. Ephippia were obtained in DAPHTOXKITS™ from MicroBio Tests, Inc.  Under 
favorable environmental conditions, D. magna reproduce asexually and generally produce a 
minimum of 5 separate broods of offspring in a life cycle. If environmental conditions are not 
optimal, they reproduce sexually; and each female produces an ephippium. An ephippium 
consists of two fertilized eggs that lie within a protective layer in the ovaries. The ephippium is 
then released into the water at the end of the reproduction cycle.
 
The ephippia can be collected 
before hatching (as is done by commercial suppliers of ephippia), and hatching can be postponed 
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by storing the ephippia in a dark, cool environment with an added preservative. In this study, 
hatching was induced by rinsing the ephippium to remove the preservative and subsequently 
exposing them to a constant light source for a minimum of 72 h. After they hatched, ephippial 
neonates were treated the same as those from a regular (asexual) brood.  
2.2.3 Matrix chemistry analyses  
For all toxicity analyses, USEPA Moderately Hard Reconstituted Water (MHR) was the 
primary matrix. Table 2.2 lists the chemical constituents of all USEPA reconstituted waters as 
well as the expected resulting water chemistry parameters. Following this method, alkalinity and 
hardness are strongly correlated. Although alkalinity and hardness are both reported as mg/L 
CaCO3, it is important to note that these are not measurements of the same parameter. The 
alkalinity of a solution describes its capacity to neutralize acid, mostly via carbonates and 
bicarbonates in fresh waters [2] (in MHR water, NaHCO3 is the sole contributor to alkalinity); 
whereas hardness is a measure of the concentration of the divalent, ‘hard’ water cations 
(predominantly calcium and magnesium).  
Table 2.2: Recipes for the USEPA’s recommended synthetic fresh waters for use in laboratory 













Very Soft 12.0 7.5 7.5 0.5 6.4-6.8 10-13 10-13 
Soft 48.0 30.0 30.0 2.0 7.2-7.6 40-48 30-35 
Moderately Hard 96.0 60.0 60.0 4.0 7.4-7.8 80-100 57-64 
Hard 192.0 120.0 120.0 8.0 7.6-8.0 160-180 110-120 
Very Hard 384.0 240.0 240.0 16.0 8.0-8.4 280-320 225-245 
  
In addition to the chemicals included in the MHR water matrix, approximately 3 mg/L of 
DOC was added to all toxicity-test waters in the form of Suwannee River Fulvic Acid obtained 
from the International Humic Substances Society (IHSS).    
19 
 
 The final component for the exposure matrices was the addition of the metal(s) being 
tested. Dissolved metals were added using acidified ICP standards. Although the dissolved metal 
ICP standards are dissolved in a nitric acid solution, the metal concentrations were greatly diluted 
to make the metal-mixture solutions; and the alkalinity of the moderately-hard reconstituted water 
is reasonably high, which allows for further neutralization of any residual acid. Solutions were 
made 24-36 h before beginning a toxicity test, to allow equilibration of the metals with the DOC 
and major ions [28].  
Alkalinity was measured for each batch of moderately hard water using a Hach Alkalinity 
Test Kit and 0.16 M sulfuric acid with bromocresol green-methyl red as an indicator. 
All matrices were analyzed for metals, inorganic cations, and sulfur (in the form of 
sulfate) using Inductively Coupled Plasma-Optical Emission Spectroscopy (ICP-OES Perkin 
Elmer Optima 5300) with scandium as an internal standard and NIST certified standard reference 
materials 1640a and 1643e that were run prior to and at the end of each analysis. Continuing 
calibration verification (CCV) standards were tested after every 10 samples and at the end of each 
batch of samples. Table 2.3 displays the detection limits for various analyzed substances on the 
ICP-AES. The concentrations of chloride (from KCl) and sulfate (from CaSO4 and MgSO4) are 
necessary parameters for the BLM and thus were calculated from the concentrations of potassium 
and sulfur, respectively.  
Total organic carbon was analyzed on unfiltered water samples using a GE Sievers 900 
TOC Analyzer. Samples of the exposure matrix were initially acidified with the addition of 
concentrated phosphoric acid before entering a UV/persulfate oxidation reactor. This acidification 
converts inorganic carbon constituents (bicarbonate, carbonate) to carbon dioxide, which is 
bubbled-off before oxidation of the sample. It is assumed that the total inorganic carbon (TIC) is 
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completely removed from the system. The remaining sample is oxidized to convert the organic 
carbon components into carbon dioxide. Finally, the detector employs Membrane Conductometric 
Detection Technology and a gas-permeable membrane that selectively passes only the carbon 
dioxide produced from the oxidation of organics and not acids, bases or halogenated compounds 
that may interfere with the detection of carbon dioxide [29]. By limiting the detection to only the 
oxidation products of organic compounds, the concentration of organic carbon (TOC) can be 
assessed. Because no particulate matter existed in the exposure waters, the resulting TOC 
concentration was assumed to be equivalent to the DOC concentration. 
Table 2.3: Limit of Detection (LOD) for major inorganic ions, metals, and sulfur analyzed in 
toxicity-test matrices. Perkin Elmer.  











After the toxicity tests were completed and the ICP results and TOC analyses were 
compiled, the data were sent to Dr. Robert Santore at HydroQual, Inc. Dr. Santore is in the 
process of analyzing metal competition and the resulting toxicity with respect to the DOC content 
and the biotic ligand. By doing so, he is developing a parameterization of a mixed-metal, multi-
site (MMMS) BLM. 
 
2.2.4 Statistical parameters  
Toxicity data were statistically analyzed using OriginPro 9.1 Software.  Concentration-
response equations were determined for single-metal toxicity tests using least-squares regression 
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fits of logit-transformed data (Equation 2.1).For these analyses, all of the individual single-metal 
toxicity tests over the course of the study were combined for a given metal in order to get a global 
best estimate of the concentration-response curve. In Equation 2.1, A1 and A2 are the lower and 
upper mortality limits, respectively; C is the concentration variable, C0 corresponds to the center 
of the distribution (i.e., the EC50); p is the slope of the logit regression curve; and y is the resulting 
mortality. For these analyses, the lower-bound A1 parameter was fixed at 0 and the upper-bound 
A2 parameter was fixed at 100, representing the percentage range for mortality.  
    A   
   -   
                        
    (2.1)                       
From the single-metal concentration-response analyses, mixture mortality based on an 
assumption of additive toxicity of the two metals was predicted. Given the concentration-response 
equation and fitted EC50 and slope, the predicted mortality (y) for any specified metal 
concentration was calculated using interpolation for specific concentrations (C) of each metal run 
in a specific test. After predicted mortality (or survival) was determined for a specified 
combination of concentrations of the two metals in a binary mixture, the predicted additive 
mortality was calculated using Equation 2.2, where SM1 and SM2 are the survival proportion (i.e., 
1-mortality proportion) expected from Metal#1 and Metal #2 alone, respectively.  
% Mortality of Binary Mixture = [1-(SM1*SM2)]*100                       (2.2)  
Predicted additive mortality was compared to experimental mortality using a paired t-test 
[14] to determine if the predicted mortality differed significantly from the observed mortality at a 
specific ECx. From the observed mixture toxicity data, OriginSoftware 9.1 generated sigmoidal fit 
concentration-response curves for a binary-mixture series (with one curve for each Metal #1 
concentration) at various concentrations of Metal #2 as the concentration of Metal #1 was held 
22 
 
constant. For graphical purposes, concentrations of Metal #1 were grouped into “bins” by similar 
concentrations that were tested.  
Many toxicity tests use the EC50’s of two or more concentration-response series to 
qualitatively and quantitatively characterize and compare toxicity analyses. However, because the 
mortality that occurred in the predicted (additive) trend or the mortality that was experimentally 
observed in the following test series did not always encompass 50% mortality, it became 
necessary to determine an alternative to the EC50 for the purpose of statistical analyses (Figure 
2.3). This alternative, denoted ECx (concentration causing x% effect) was determined using 
normalized distributions of a probability density function (PDF) for the predicted toxicities, as 
illustrated in Figure 2.4.  The PDFs were established by taking the first derivative of the predicted 
additive-toxicity curves. This derivative is known to be the level of increased mortality caused as 
a result of the presence of Metal #2. The downward trend of the peaks results from the increased 
background mortality of Metal #1 at higher concentrations. Further, the concentration at which 
the maximum rate of mortality caused by Metal #2 exists is constant throughout the PDF because 
the concentration, and consequently the predicted mortality caused by Metal # 1, remains constant 
throughout the entire binary-mixture. This rate was then was normalized to a maximum of 1.0 
from which an optimal x % mortality was determined using Equation 2.3, where D is the 
maximum of the normalized derivative for each curve. X was rounded to the nearest five percent 
mortality before the predicted and observed ECx concentrations were compared statistically.  
     
 
  
                      (2.3) 
Currently there is no broadly accepted method of statistically quantifying non-additivity of 
mixture toxicity. Often when evaluated against observed toxicity, the predicted mortality (by 
means of the EC50) is treated as a concrete, deterministic value without accounting for associated  
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Figure 2.3: Sample of a response-additive prediction graph. The x-axis accounts for the 
concentration of Metal # 2 in solution while each color line within the graph represents a different 
concentration of Metal # 1 where [Blue] < [Green] < [Yellow] < [Orange] < [Red]. Higher 























































Figure 2.4: Representation of a probability density function (PDF) for a generic mixture. In this 
case, the PDF was created using the concentration-response curve of Figure 2.3. Each line 
represents an individual concentration of Metal #1 where [Blue] < [Green] < [Yellow] < [Orange] 
< [Red] with respect to the concentration of Metal #2. 
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uncertainty in the prediction. To address this shortcoming, the statistical analyses I have proposed 
take into account the variability in both the predicted and the observed mortalities. 
The null hypothesis is a default assumption in a statistical inference. In the case of these 
metal-mixture analyses, the null hypothesis was defined as the response-additive prediction.  By 
making the response-additive prediction the null hypothesis, the assumption is that all binary-
mixture toxicities were response-additive until found to be statistically different from the 
predicted response-additive curve at the 95% confidence level. One of the most effective methods 
of measuring the statistical significance of differences between two mean values is a t-test. If the 
data are determined to be statistically different using a paired t-test, this would reject the null 
hypothesis and provide a statistical basis for definitively labeling the trends as non-additive.  
The observed binary-mixture toxicity data were fitted into a concentration-response curve 
in the same manner as the single-metal toxicities. The concentration-response curves were 
evaluated in the same “bins” as the predicted mortalities, based on the concentration of Metal #1. 
As a result, the predicted concentration-response mortality was able to be graphed and analyzed 
against the concentration-response for the observed mortality. At this point, the PDF for the 
corresponding mixture was employed to determine the most appropriate concentration to be 
evaluated, ECx. To compare the overall statistical significance of the binary-mixture, the ratio of 
difference between the predicted and observed ECx’s, divided by the predicted ECx was calculated 
at for each concentration bin as follows: 
                             
             
       (2.4) 
If the observed and predicted ECx are the same, the resulting ratio is equal to zero. Ratio values 
much greater or much less than zero represent concentration bins where the observed mortalities are very 
different from the predicted mortalities.  
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 After all the ratios for each concentration bin were calculated, the mean (  ) and the 
standard deviation (s.d) of the ratios were calculated and the number of bins (k) for the entire 
binary mixture was totaled. The tcalculated value was calculated using Equation 2.5 [30]. The 
tcalculated value was then directly compared to a tcritical value from a student’s t-table, as determined 
by the degrees of freedom, N-1 and the desired confidence level. The statistical significance of all 
comparisons in this analysis were determined at the 95% confidence level.  
             
        
    
     (2.5) 
2.3 Results and Discussion 
2.3.1 Single-metal toxicity  
Single-metals toxicity tests were conducted in conjunction with the binary metal-mixture 
tests in order to evaluate the repeatability of the single-metal toxicity tests. Figures 2.5-2.8 
illustrate the results of the single-metal toxicity tests during the time period when the binary-metal 
toxicity tests were conducted. The red curve in each graph represents the concentration-response 
fit with a 95% confidence level. In these experiments, the composites of all nickel-only and 
copper-only tests resulted in an EC50 with minimal variability around a steep concentration-
response curve. A compilation of all cadmium trials, however, resulted in a shallower 
concentration-response slope that was extremely variable from batch to batch. Some studies 
suggest that Cd can be slow to equilibrate with DOC [31].  In an attempt to obtain more consistent 
results, the equilibration time was constrained to 24 hours +/- 8 hours, but eliminating this 
variable did not decrease the among-test variability. Other researchers evaluating cadmium 
toxicity in a variety of organisms have reported similar results indicating that cadmium itself has a 
high variability in toxicity for no apparent reason [31]. Some studies have demonstrated the 
effects of a cysteine-based protein called metallothionein on cadmium retention in tissues [32]. 
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Recent studies involving metallothionein uptake in mice have concluded that although the protein 
plays no apparent role in the initial distribution of Cd to tissues, it plays a major role in the 
elimination of Cd from the organism [33]. Due to varying levels of metallothionein in the 
organism, the depuration of Cd may be highly variable among individual organisms, resulting in a 
high variability of toxicity. Regardless of the cause, obtaining consistent cadmium results was 
challenging at best. Finally, zinc solutions resulted in a greater variability of mortality than with 
nickel and copper, but not nearly as variable as the cadmium results.  
Based on the respective EC50s of single-metal toxicity tests, nickel is the least toxic of the 
metals tested (i.e., has the highest EC50), followed by zinc, copper and cadmium in sequence of 
decreasing toxicity.  Table 2.4 summarizes the parameters of each fitted curve. These parameters 
were used in calculating the predicted mortality of the binary-metal mixtures.  
 


















Figure 2.5: Single-metal analysis of nickel mortality. 
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Figure 2.6: Single-metal analysis of copper mortality.  


















Figure 2.7: Single-metal analysis of cadmium mortality. 
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Figure 2.8: Single-metal analysis of zinc mortality. 
Table 2.4: Parameters of the single-metal toxicity concentration-response fits for the composite 
toxicity data for each metal. TheA1 and A2 represent the lower and upper bounds of mortality, 
respectively. LOG(C0) is the inflection point (corresponding to the LOG(EC50)) of each curve and 
p is the slope. The number of test series are given by k. 








A1 0 0 0 0 
A2 100 100 100 100 
LOG(C0) 0.199 -0.983 -1.481 -0.051 
p 2.933 6.642 0.682 1.428 
 
2.3.2 Nickel and cadmium binary toxicity 
Nickel was nearly two orders of magnitude less toxic than cadmium. From this it was 
determined that the concentrations of cadmium used should be significantly lower than those of 
nickel mixture toxicity tests. This approach is further substantiated because the reported natural 
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abundance of nickel in surface waters is over six times greater than the natural concentrations of 
cadmium [11]. Cadmium is a chalcophile that readily combines with sulfur to form sulfide 
compounds [34]. If no sulfur is available, chalcophiles react with oxygen or other chalcogens 
present in the system. Most cadmium used in commercial industries is recovered from zinc 
minerals like sphalerite, in which cadmium can be found as an impurity by elemental substitution 
[35]. Although natural weathering of cadmium-containing minerals is unlikely to introduce high 
concentrations of the metal into freshwater systems, cadmium has become increasingly popular 
for use in current technologies and is often improperly disposed of, therefore, its presence may be 
enhanced in surface waters due to municipal and industrial discharges.  
2.3.2.1 Nickel titrations with constant cadmium concentrations 
A specified concentration of cadmium was held constant as nickel concentration was 
increased in the initial binary combination of nickel and cadmium. In these tests, nickel protected 
against the cadmium toxicity until the organism experienced toxicity due to high concentrations 
of nickel (Figure 2.9). As cadmium was tested with increasing nickel concentrations, the first 
plotted mortality point (i.e., the left-most point) for each cadmium concentration represents the 
amount of mortality that the organism experienced with no added nickel in the solution. In most 
cases, the concentration of nickel was below the detection limit of the ICP-OES, and was assigned 
an arbitrary concentration of 0.001 mg/L Ni to facilitate plotting of data.   
Additionally, the single-metal toxicity tests for cadmium had resulted in high variability, 
which became inconvenient for analysis of binary tests, because the initial mortality was difficult 
to predict on a batch-to-batch basis. Increasing the concentration of nickel depressed or, in some 
cases, entirely eliminated the cadmium toxicity. With 100 ppb Cd, for example, initial mortality 
(cause by cadmium toxicity) was nearly 100%. As the added nickel concentration increased, the 
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observed mortality steadily decreased to a minimum of 5% at approximately 0.5 ppm Ni. 
Effectively, all initial cadmium mortality was eliminated by the introduction of nickel. This effect 
is evidenced by the decline in mortality as nickel concentrations were increased (along the 
horizontal axis). Mortality increased again only when concentrations of nickel were high enough 
to cause toxicity on their own, as shown by the single-metal toxicity results indicated by the red 
curve in Figure 2.9.  







 20 ppb Cd (k=1)
 50 ppb Cd (k=2)
 100 ppb Cd (k=3)
 150 ppb Cd (k=2)











Figure 2.9: Mortality across a nickel concentration gradient when concentrations of cadmium are 
held constant. In this diagram, the points represent discreet nickel concentrations at which 
mortality was evaluated. The shaded red area is the nickel-only toxicity. The variable “k” in the 
legend denotes the number of toxicity tests that were conducted at the specified Cd concentration. 
 
Response-additive prediction bands were not generated for this combination of nickel and 
cadmium because no response-additive relationship can predict this drastic decrease in mortality. 
However, the effect that nickel has upon cadmium toxicity can be seen at each cadmium 
concentration [Figure 2.9].  
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Protective toxicological effects are especially interesting but difficult to characterize. The 
lessening of toxicity may be caused by interactions in the water chemistry, interferences in the 
organisms’ uptake and/or depuration of vital nutrients, interactions at the biotic ligand site or by 
any combination thereof. The current hypothesis explaining this behavior is based on interactions 
occurring at the biotic ligand, where nickel might out-compete cadmium for binding to the biotic 
ligands and, as a result, decrease the toxicity due to cadmium. Unfortunately, because little is 
currently known about specific mechanisms that govern the biotic ligand binding sites, it is 
impossible to draw a definitive conclusion as to the causation of this less than-additive toxicity. 
Preliminary tests were completed that involved the digestion of the organisms after being exposed 
to this metal mixture and subsequently analyzing the metal concentrations. The resulting 
concentrations of metals were assumed to be those that had been taken up by the organism. 
However, greater concentrations of cadmium were taken up by the organism as the organism was 
exposed to greater concentrations of nickel. As a result, the conclusion that arose from these tests 
is cadmium might have sorbed on to the carapace surface or might have been taken up by the 
organism, but that additional cadmium did not react at a biotic ligand site.  
2.3.2.2 Cadmium titrations with constant nickel concentrations 
In attempt to confirm the protective effect nickel exhibited towards cadmium, the mixture 
was reversed in an experiment in which constant concentrations of nickel were tested against 
increasing cadmium concentrations. Instead of resulting in a defined decrease in mortality, this 
combination exhibited a distinct shift in the EC50 towards higher cadmium concentrations [Figure 
2.10], even when taking into account the variability in the cadmium mortalities. This shift is once 
again indicative of a protective effect, because concentrations of cadmium greater than predicted 
are needed to cause significant mortality when nickel is also in the exposure solution.  
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Furthermore, the highest tested nickel concentration caused the highest cadmium EC50, where as 
the lowest nickel concentration resulted in a cadmium EC50 close to the predicted cadmium-only 
EC50. 







0.01  0.003 ppm Ni (k=2)
 0.10  0.02 ppm Ni (k=3)
 0.50  0.20 ppm Ni (k=3)
 1.0  0.2 ppm Ni (k=4)
 1.5  0.2 ppm Ni (k=4)










Figure 2.10: Toxicity results across a gradient of cadmium concentrations when constant 
concentrations of nickel were present.  Dotted lines represent the predicted response-additive 
toxicity curve while the solid lines bound by shaded areas represent a fitted concentration-
response curve (with 95% confidence intervals) to the observed toxicity data at the indicated 
nickel concentrations. The variable “k” in the legend denotes the number of toxicity tests that 
were conducted within the given range of Ni concentrations. 
 
I performed a paired t-test to determine if the cadmium concentration that caused a 
specified mortality percentage shifted significantly in the presence of nickel. The ECx was 
determined for each concentration “bin” using the PDF of the nickel-cadmium predicted toxicities 
(Figure 2.11). The concentrations bins used for this analysis were: 0.01 ± 0.003; 0.10 ± 0.002; 
0.50 ± 0.20; 1.0 ± 0.2; 1.5 ± 0.20 and 2.0 ± 0.25 ppm Ni. The ratio between the observed and 
predicted ECx’s was determined for each concentration “bin,” and a t-test was used to determine 
whether the observed results differed significantly from response-additivity. The results of this 
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analysis are displayed in Table 2.5. As the nickel concentrations increase, the relative difference 
between the predicted cadmium ECx and the observed ECx increased. This relationship illustrates 
that the ECx is increasing (i.e. cadmium became less toxic) at higher nickel concentrations.  







 0.01 ppm Ni
 0.10 ppm Ni
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Figure 2.11: Probability density function of constant concentrations of nickel with increasing 
concentrations of cadmium, based on predictions from the single-metal toxicity data. The table 
summarizes of the calculation of the most robust level of mortality (x) based on the maximum 
rate of mortality, or the derivative maximum, D. ECx was calculated from this determination of x. 
 
Statistically, the tcalculated value (14.03) for the ECx is considerably greater than tcritical 
(2.571) at the 95% confidence level, signifying that the null hypothesis for this binary 
combination should be rejected. The results of this paired t-test support the original hypothesis 
that the toxicity of cadmium and nickel mixtures is not statistically the same as the predicted 
response-additive combination, and that nickel is, in fact, protecting against the toxicity of 
cadmium.  
From these results, it can be concluded that nickel and cadmium interact, with nickel 
protecting against cadmium toxicity by an undetermined mechanism probably occurring at the 
 [Ni] Derivative 
Max, D 
(1-(D/2))*100 x 
0.01 1.000 50 50 
0.10 1.000 50 50 
0.50 0.967 52 50 
1.00 0.794 60 60 
1.50 0.539 73 75 
2.00 0.335 83 85 
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biotic ligand. Eventually, I hope to explain and develop a model capable of predicting this 
mixture toxicity.  
 
Table 2.5: Statistical analysis of cadmium titrations with constant nickel using a paired t-test.   is 
the mean of the (Obs-Pred)*Pred
-1
 concentration ratio, s.d. is the standard deviation, N indicates 
the total sample size (the number of nickel concentration bins), “df” represents degrees of 
freedom, and the t- test values are based upon a 95% confidence interval. 
[Ni] ECx [Cd] pred. [Cd] obs (Obs-Pred)*Pred
-1
    0.843 
0.01 50 0.0331 0.0759 0.564  s.d. 0.147 
0.10 50 0.0331 0.1620 0.796  N 6 
0.50 50 0.0300 0.2904 0.897  N-1 5 
1.00 60 0.0322 0.4085 0.921  tcalc 14.03 
1.50 75 0.0407 0.6217 0.935  tcrit 2.571 
2.00 85 0.0448 0.8610 0.948    
 
2.3.3 Nickel and copper binary toxicity 
The next mixture analyzed was the binary metal combination of nickel and copper. Single-
metal toxicity tests confirm that nickel is approximately one order of magnitude less toxic than 
copper. Although the concentrations of metals used in these toxicity tests do not necessarily 
reflect natural abundance of ions, the concentrations used were those that best encapsulated the 
full range of mortality with emphasis on the EC50.  
2.3.3.1 Nickel titrations with constant copper concentrations 
In the analysis of constant copper concentrations with increasing concentrations of nickel, 
the lowest copper concentration tested was below toxic response elicited in the single metal-
copper data, and therefore reflected a near-identical response as the single metal-nickel titration 
data.  From here, as copper concentrations increase above approximately 0.04 ppm copper, 
substantial levels of mortality are shifted to lower nickel concentrations. The toxicity analysis of a 
nickel titration with constant copper concentrations can be seen in Figure 2.12.  
35 
 







 0.01  0.005 ppm Cu (k=1)
 0.04  0.01 ppm Cu (k=2)
 0.08  0.01 ppm Cu (k=1)
 0.10  0.01 ppm Cu (k=3)










Figure 2.12: Mortality experienced by D. magna over a gradient of nickel concentrations when 
concentrations of copper remain constant. Dotted lines indicate the predicted response-additive 
toxicity and the solid lines with shaded bands represent a dose-response fit to the observed 
toxicity data with a 95% confidence interval. The variable “k” in the legend denotes the number 
of toxicity tests that were conducted within the given range of Cu concentrations. 
 
The first point on each line corresponds to a concentration where there was zero added 
nickel in the system, and thusly should correspond to the single-metal copper toxicity at the 
corresponding concentration. For most trials, the predicted and observed initial mortalities match 
within a 95% confidence interval, with the exception of the 0.10 ppm Cu observed data. In this 
instance, initial observed mortality is twice what was predicted, occurring at 80% instead of the 
predicted 40% mortality. This can be explained by the slope and EC50 of the single-metal toxicity 
data for copper. The EC50 of a solution containing only copper occurs around 0.10 ppm Cu but 
occurs at such a steep slope at this concentration, that resulting mortalities have nearly a 100% 
spread. In other words, the same concentration of copper may result in anywhere from 0 to 100% 
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mortality. For this reason, it is not unreasonable to observe 80% mortality at a concentration of 
0.10 ppm Cu. 
 














































 0.01 ppm Cu
 0.04 ppm Cu
 0.08 ppm cu
 0.10 ppm Cu
 0.12 ppm Cu
Figure 2.13: Probability density function of constant concentrations of copper with increasing 
concentrations of nickel based on predictions from the single-metal toxicity data. The table 
summarizes of the calculation of the most robust level of mortality, x, based on the maximum rate 
of mortality, or the derivative maximum, D. From x, the ECx that was used in the subsequent t-
test was calculated. 
 
The steady leftward shift in the ECx to lower concentrations illustrates that the mixture is 
becoming increasingly more toxic with the addition of copper.  To statistically quantify this trend, 
a paired t-test was used. Figure 2.12 displays the PDF of this nickel-copper combination and 
summarizes the corresponding calculations to determine the most robust mortality for each 
concentration “bin”. It is unfeasible to assume that, for each bin, the EC50 is the most robust 
parameter to compare because the EC50 does not represent the inflection point of all the predicted 
curves. Therefore, the first derivative of the predicted toxicity curves was normalized and plotted 




0.01 1.000 50 50 
0.04 0.998 50 50 
0.08 0.850 58 60 
0.10 0.562 72 70 
0.12 0.277 86 85 
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appropriate for comparison at a specific concentration bin can be calculated. The expected and 
predicted ECx’s were calculated at the appropriate mortality, and evaluated for statistical 
significance in a paired t-test. The results of this analysis can be seen in Table 2.6.  
 
Table 2.6: Summary of statistical analysis between the predicted and observed ECx’s for the 
binary-metal mixture of nickel titrations with constant concentrations of copper.   is the mean of 
the (Obs-Pred)*Pred
-1
 concentration ratio, s.d. is the standard deviation, N indicates the total 
sample size, “df” represents degrees of freedom and the t- test values are based upon a 95% 
confidence interval.  
 
[Cu] ECx [Ni] pred. [Ni] obs (Obs-Pred)*Pred
-1
    -0.540 
0.01 50 1.8756 1.9035 0.015  s.d. 0.393 
0.04 50 1.6835 1.1918 -0.292  N 5 
0.08 60 1.6452 0.2935 -0.822  N-1 4 
0.10 70 1.5142 0.5023 -0.668  tcalc 3.069 
0.12 85 1.4934 0.1013 -0.932  tcrit 2.776 
 
It is evident that the tcalculated (3.069) is greater than the Tcritical (2.776) at the 95% 
confidence interval with 9 degrees of freedom. This represents that the predicted response-
additive toxicity and the observed toxicity are not statistically the same. These conclusions do not 
support the null hypothesis, and instead support the initial observation that this combination of 
nickel and copper results in a more-than-additive toxicity. 
Because these tests were completed in a laboratory environment instead of in-situ, the 
chemistry parameters of the exposure waters were well controlled and there were only a limited 
number of possible ligands with which the metal could have interacted to cause this increase in 
mortality. Knowing that the free metal ion concentration contributes to toxicity, it was 
hypothesized that the free nickel ions (speciated as M
z+
) were preferentially competing for 
binding sites on the DOC and in turn, blocking the free copper ions from binding to the DOC 




Figure 2.14: Illustration of nickel binding to dissolved organic carbon with the addition of 
increasing copper ions in solution. Nickel will preferentially bind to the DOC, causing a greater 
concentration of copper ions to exist in a bioaccessible state. 
 
According to this diagram, when nickel is alone in a system (without any added copper); it 
will bind to specific ligand sites on the DOC (such as the deprotonated carboxylic or phenolic 
sites). As the concentration of copper is increased in the system, the higher nickel concentration 
will allow very little copper to bind to the DOC, effectively ‘out-competing’ copper to bind at 
these sites. Less copper tied up by the DOC will result in a greater concentration of free copper 
ions in solution. At this point, the free copper ions are able to interact with organisms, thus posing 
a potentially toxic threat. Even when the concentrations of copper are increased, they are never 
able to out-compete nickel for DOC binding with the parameters in the system I tested. Therefore, 
ions of free copper will continue to build up in the water and the organisms exposed will 
experience greater toxicity as the copper concentration is increased.  
2.3.3.2 Copper titrations with constant nickel concentrations 
A second mixture of nickel and copper was also tested with constant concentrations of 



































elicited in the previous Ni-Cu mixture. The predicted mortality curves for a response-additive 
toxicity were calculated using the single-metal toxicity results and were plotted alongside a 
concentration-response fit of the observed toxicities, divided into “bins” based on the tested 
concentration of nickel (Figure 2.15). The toxicity was measured with nickel concentrations 
starting as low as 0.006 ppm Ni, at which point any resulting mortality would not be expected to 
be the result of nickel in the mixture. Constant nickel concentrations were tested to a maximum of 
2.0 ppm Ni. As was seen previously, the EC50 was shifted to lower concentrations as the organism 
was exposed to higher nickel concentrations, resulting in higher mortality.  







 < 0.007 ppm Ni (k=4)
 0.02 0.01 ppm Ni (k=2)
 0.20  ppm Ni (k=2)
 0.50  0.10 ppm Ni (k=4)
 0.80  0.10 ppm Ni (k=5)
 1.25  0.25 ppm Ni (k=4)










Figure 2.15: Analysis of the toxicological effect of copper titrations with constant concentrations 
of nickel in the system. Dotted lines represent the predicted response-additive toxicity while solid 
lines with shaded bands represent a dose-response fit curve of the observed toxicity data and a 
95% confidence interval. The variable “k” in the legend denotes the number of toxicity tests that 
were conducted within the given range of Ni concentrations. 
 
To statistically confirm this trend, the most representative mortality for each predicted 
curve was determined by the first derivative of the predicted toxicity curves (Figure 2.16). Upon 
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statistical analysis of this combination, it was determined that the combination of nickel and 
copper once again does not support null hypothesis and confirms the observation of a more-than-
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 0.20 ppm Ni
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 Figure 2.16: Probability density function of constant concentrations of nickel with increasing 
concentrations of copper based on predictions from the single-metal toxicity data. The table 
summarizes of the calculation of the most robust level of mortality, x, based on the maximum rate 
of mortality, or the derivative maximum, D. From x, the ECx that was used in the subsequent t-
test was calculated. 
 
After analysis, the previously stated hypothesis about the dominant mechanism occurring 
in the copper mixture was evaluated to determine if it supports the results in the secondary tests. 
When copper is alone in solution, it will bind to the DOC because there is little to no competition 
precluding it from binding to the DOC molecule. As more nickel is introduced into the system, 
the nickel ions will bind to the DOC as they had done in the first scenario. As seen before, as 
more nickel is added to the system, more free copper ions will be present in the bioavailable free 




<0.007 1.000 50 50 
0.01 1.000 50 50 
0.20 0.998 50 50 
0.50 0.967 52 50 
0.80 0.881 56 55 
1.25 0.589 71 70 
1.75 0.427 79 80 
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occurring at the biotic ligand’s target site in increase and resultantly, observed toxicity will be 
increased [Figure 2.17]. 
Table 2.7: Statistical analyses of copper titrations with constant nickel using a  
paired t-test.   is the mean of the (Obs-Pred)*Pred-1 concentration ratio, s.d. is the standard 
deviation, N indicates the total sample size, “df” represents degrees of freedom and the t- test 
values are based upon a 95% confidence interval.  
 
[Ni] ECx [Cu] pred. [Cu] obs (Obs-Pred)*Pred
-1 
   -0.432 
<0.006 50 0.102 0.1016 -0.010  s.d. 0.441 
0.01 50 0.102 0.1072 0.044  N 7 
0.20 50 0.102 0.1027 0.005  N-1 6 
0.50 50 0.101 0.0503 -0.505  tcalc 2.592 
0.80 55 0.102 0.0030 -0.970  tcrit 2.447 
1.25 70 0.102 0.0125 -0.877    
1.75 80 0.105 0.0303 -0.713    
  
 
Figure 2.17: Copper being displaced by nickel ions for binding sites on the DOC. There are only 
a discreet number of sites at which these ions may bind to on a molecule and once an ion is bound 
at a site it is no longer considered to be bioaccessible to an organism.   
 
 To further complicate this situation, there appears to be reproducible evidence of a slight 
protective effect occurring with high nickel concentrations at copper concentrations slightly less 
















2.0 ppm Ni. However, this trend did not appear in the initial nickel and copper tests when 10 ppb 
of constant copper was tested against an increasing nickel gradient, as I would have expected a 
very slight shift in the EC50 towards higher concentrations. This may be explained by the 
steepness of the nickel toxicity curve in which any “very slight” shift would be difficult to 
observe based on the nature of these toxicity results. Nonetheless, if a slight protective effect is 
occurring at 10 ppb Cu, this might be indicative of a dual-mechanism approach in which not only 
are the metal ions competing to bind to dissolved ligands, but there is also a specific effect 
occurring on the biotic ligand at the target site of toxic action.  
2.3.4 Nickel and zinc binary toxicity 
The final binary mixture involving nickel that was tested in this study was that of nickel 
and zinc. In the single-metal toxicity series, nickel and zinc exhibited similar levels of mortality at 
similar concentrations. The EC50 for nickel and zinc were 1.66 ± 0.04 ppm and 1.16 ± 0.09 ppm, 
respectively, which allowed for the concentrations to be reasonably representative of 
concentrations possibly seen in heavily contaminated AMD sites. Zinc is an abundant element in 
minerals such as sphalerite [36], which makes it capable of weathering into natural waterways. 
Furthermore, both zinc and nickel are used extensively in current technologies, which make them 
likely candidates for constituents of industrial wastes that enter the surface waters [37].  
2.3.4.1 Nickel titrations with constant zinc concentrations 
 The mortality of D. magna was analyzed at constant zinc concentrations as the nickel 
concentrations increased over a gradient. The concentrations of zinc were divided into “bins” for 
the purpose of statistical analyses. The results of the toxicity tests are plotted in Figure 2.18 
alongside the calculated response-additive predictions for each bin. With this combination, an 
initial Zn-only mortality was observed which remained reasonably constant until concentrations 
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of nickel in the exposure water were high enough to elicit toxicity. When plotted against the 
predicted response-additive curves, the observed mortalities overlaid predicted levels quite well, 
leading to an initial hypothesis that the metals in this mixture function independently of one 
another and therefore this mixture resulted in a response-additive toxicity.    







 0.2 0.1 ppm Zn (k=2)
 0.5  0.1 ppm Zn (k=5)
 1.0  0.3 ppm Zn (k=3)










Figure 2.18: Analysis of the toxicological effect of nickel titrations with constant concentrations 
of zinc in the system. Dashed lines represent the predicted response-additive toxicity while solid 
lines with shaded bands represent a concentration-response fit curve of the observed toxicity data 
and a 95% confidence interval. The variable “k” in the legend denotes the number of toxicity tests 
that were conducted within the given range of Zn concentrations. 
 
To confirm this hypothesis, the paired t-test statistics were calculated using the ECx as 
determined by the PDF of the predicted mixture mortalities (Figure 2.19). After the appropriate 
ECx was determined for the predicted and observed mortalities in each calculation bin, the paired 
t-test was used to evaluate whether the observed vs. predicted mortalities are statistically the 
same. The results from the paired t-test are shown in Table 2.8. Contrary to the statistical analyses 
previously discussed, in this analysis, the tcalculated results were lower than the tcritical values. This 
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result supports the null hypothesis and indicates that the predicted response-additive toxicity and 
the observed mortalities are not statistically different. Therefore, it can be concluded that nickel 
and zinc binary combinations produce strictly response-additive toxicity.  
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Figure 2.19: Probability density function of constant concentrations of zinc with increasing 
concentrations of nickel based on predictions from the single-metal toxicity data. The table 
summarizes of the calculation of the most robust level of mortality, x, based on the maximum rate 
of mortality, or the derivative maximum, D. From x, the ECx that was used in the subsequent t-
test was calculated. 
 
Table 2.8:  Statistical analysis of nickel titrations with constant zinc using a paired t-test. High 
concentrations of copper were predicted and observed to result in initial mortality greater than 
50%, leading to the use of LCx, representing the lethal concentration that causes x% mortality 
where the rate of deaths is the greatest. 
[Zn] ECx [Ni] pred. [Ni] obs (Obs-Exp)*Exp
-1 
   0.997 
0.20 50 1.463 1.503 0.028  s.d. 0.653 
0.50 60 1.143 2.800 1.450  N 4 
1.00 75 1.481 3.393 1.292  N-1 3 
2.00 85 1.318 2.923 1.217  tcalc 3.052 
      tcrit 3.182 
 
Because the observations in this case resulted in response-additive toxicity, the 
corresponding mechanism of action is interpreted by taking into account the toxicities of both 




0.20 1.000 50 50 
0.50 0.777 61 60 
1.00 0.512 74 75 
2.00 0.267 87 85 
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system where neither DOM nor natural ions affect the accessibility the organisms have to the free 
metal ions. 
2.3.4.2 Zinc titrations with constant nickel concentrations 
 After observing response-additive toxicity from the initial zinc and nickel binary mixture, 
I predicted that response-additive toxicity would again be evident in a reversal of roles.  This 
conjecture was justified by the notion that since the metal ions had previously interacted with the 
water chemistry parameters and the organism independently of one another, they will continue to 
act independently and no direct synergistic or protective effect will be detected. The results of 
these trials are represented graphically in Figure 2.20.  







  0.05  0.01 ppm Ni (k=1)
  0.50  0.30 ppm Ni (k=2)
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Figure 2.20: Analysis of the toxicological effect of zinc titrations with constant concentrations of 
nickel in the system. Dashed lines represent the predicted response-additive toxicity while solid 
lines with shaded bands represent a concentration-response fit curve of the observed toxicity data 
and a 95% confidence interval. The variable “k” in the legend denotes the number of toxicity tests 
that were conducted within the given range of Zn concentrations. 
 
Once again, each increased concentration of nickel started out at approximately the level 
predicted based on single-metal data. From there, although the noise throughout the range of zinc 
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concentrations was considerable, the level of mortality appeared to remain reasonably constant 
until reaching a concentration of zinc the caused lethality independent of nickel. This was once 
again classified as response-additive toxicity. 
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Figure 2.21: Probability density function of constant concentrations of nickel with increasing 
concentrations of zinc based on predictions from the single-metal toxicity data. The table 
summarizes of the calculation of the most robust level of mortality, x, based on the maximum rate 
of mortality, or the derivative maximum, D. From x, the ECx that was used in the subsequent t-
test was calculated. 
 
Table 2.9: Statistical analysis of zinc titrations with constant nickel using a paired t-test 
[Ni] ECx [Zn] pred. [Zn] obs (Obs-Exp)*Exp
-1 
   0.784 
0.05 50 0.884 1.046 0.182  s.d. 0.776 
0.5 50 0.848 1.022 0.205  N 6 
1.0 60 0.877 1.715 0.956  N-1 5 
1.5 75 0.986 2.161 1.190  tcalc 2.475 
2.0 85 1.029 3.156 2.067  tcrit 2.571 
2.5 90 0.938 1.031 0.099    
 
The paired t-test statistics for this combination are summarized in Figure 2.20 and Table 
2.9. In this analysis, it was expected that the results should match those seen in the initial binary 
combination of nickel and zinc. tcritical evaluated at 95% confidence intervals with 5 degrees of 




0.05 1.000 50 50 
0.5 0.967 52 50 
1.0 0.794 60 60 
1.5 0.539 73 75 
2.0 0.335 83 85 
2.5 0.205 90 90 
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hypothesis, and the toxic effects of the combination of nickel and zinc appear to be response-
additive. 
2.3.5 Suitability of ephippial D. magna neonates for toxicity testing 
Although culturing D. magna is a common technique employed by many toxicologists 
worldwide, the overall process is tedious, requires daily monitoring, and doesn’t necessarily 
guarantee bulk production of neonates (i.e., newborn offspring), which is vital for completing 
toxicity tests on a regular schedule. Because of these drawbacks, two other options for the 
completion of toxicity tests were evaluated: the option of ordering live neonates directly from 
Aquatic Biosystems, Inc. (Fort Collins, CO) and the testing of D. magna ephippia (i.e., resting 
eggs) purchased from a commercial source (Strategic Diagnostics).  
As mentioned earlier, an ephippium is produced when a daphnid is subjected to 
environmental stress and reproduces sexually instead of parthenogenically. An ephippium 
contains two fertilized eggs that, after hatching, may be used in toxicity tests just like standard 
neonates. In my tests, the resulting ephippial neonates were used in standard 48-h toxicity tests in 
mixtures of nickel with copper and nickel with cadmium. The concentrations of metals used in the 
tests were chosen to reproduce previous binary metal-mixture tests therby be able to compare 
results to determine if ephippia could be a reliable and comparable alternative source for neonates 
to start toxicity tests. 
The first tests performed were single-metal exposures to cadmium, nickel, and copper. 
Results of the single-metal test series conducted with ephippial neonates were similar to previous 
results using asexually produce toxicity tests. in the standard neonate toxicity tests.  (Figures 2.22- 




Figure 2.22: Single-metal nickel toxicity tests with results from ephippial Daphnia magna 
neonates compared to results using asexually produced neonates. 
 
 
Figure 2.23: Single-metal copper toxicity tests with results from ephippial Daphnia magna 
neonates compared to results using asexually produced neonates. 





































Figure 2.24: Single-metal cadmium toxicity tests with results from ephippial Daphnia magna 
neonates compared to results using asexually produced neonates. 
 
Figure 2.25: Binary-mixture of nickel toxicity + constant 0.08 ppm copper with results from 
ephippial Daphnia magna neonates compared to results using asexually produced neonates.  
























 Ephippia 0.08 ppm Cu












Figure 2.26: Binary-mixture of nickel toxicity + constant 0.10 ppm copper with results from 
ephippial Daphnia magna neonates compared to results using asexually produced neonates. 
 
 
Figure 2.27: Binary-mixture of nickel toxicity + constant 0.10 ppm cadmium with results from 
ephippial Daphnia magna neonates compared to results using asexually produced neonates. 
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To further confirm that tests using ephippial neonates produce similar results to tests with 
asexually produced neonates, mixtures of nickel + copper and nickel + cadmium were tested. For 
these tests, a constant concentration of copper or cadmium, respectively, was added to the 
exposure solution along with a series of increasing nickel concentrations. In previous tests, nickel 
+ copper mixtures had resulted in a more-than-additive toxicity. In other words, when copper and 
nickel were combined, the result was more toxic than predicted from the response-additive 
conbination of their individual toxicities in single-metal tests. Conversely, when nickel and 
cadmium had previously been combined in solution, the toxicity was less than additive (i.e., the 
toxicity of both metals combined was lower than expected from the response-additive 
combination of their individual toxicities in the single-metal tests). 
As expected from results of the previous binary-metal tests, the nickel + copper 
combination produced more-than-additive toxicity (i.e., greater than expected toxicity from 
individual copper and nickel toxicity tests, Figures 2.25-2.26).  Also as expected from results of 
the previous tests, addition of nickel to cadmium decreased the mortality in 100 ppb cadmium 
from 80-95% down to only 5% (Figure 2.27), illustrating a less-than-additive toxicity (i.e., nickel 
protected against cadmium toxicity). Therefore, based on these results, there appears to be no 
substantial difference in the toxicity results between D. magna hatched from ephippia and 
neonates produced asexually.  
In the next portion of this analysis, I conducted an economic feasibility comparison for 
three different scenarios: (1) continued culturing of the Daphnia thru adulthood in order to use 
offspring for toxicity tests, (2) directly purchasing neonates (less than 24-h old) from the 
freshwater organism supply company, Aquatic Biosystems Inc. (Fort Collins, Colorado), and (3) 
purchasing ephippia from Strategic Diagnostics. Many factors were taken into consideration 
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including cost of organisms, number of hours spent in the laboratory, and the number of toxicity 
tests that can be performed per batch of neonates. These key factors are summarized in Table 
2.10.  
Although this analysis indicates that the cost of continuously culturing adult D. magna to 
produce offspring neonates has by far the greatest cost and the option of ordering asexually 
produced neonates directly from Aquatic Biosytems, Inc is the most economical, other concerns 
associated with each option could not be addressed monetarily.  
To begin, added cost and stress to labstaff may arise with the culturing of adult D. magna, 
especially when the stock culture of Daphnia crashes (i.e. quits reproducing or even dies). If the 
adults were not in optimal health, not only would each brood decrease in the numbers of neonates 
produced, but this may result in increased variability in toxicity tests conducted with those 
neonates. Furthermore, because each toxicity-test series run requires a minimum of 120 neonates, 
it is imperative that the adults produce enough offspring. In good health, adults should be able to 
produce approximately 20-30 neonates per brood [38]. Therefore, attaining 120 neonates per 
series (or 480 neonates per full set of four tests) should not be difficult in concept. However, I 
found that keeping the adult D. magna in optimal health in our lab was more challenging than 
expected and resulted in numerous culture crashes and lengths of time when testing was 
impossible. In addition, even when adult D. magna produced enough neonates for a full toxicity 
test, potential variability of the health and metal susceptibility of the neonates brought into 
question the validity of results. The number of hours spent in the lab per week was exceptionally 
high for this method because it required feeding the organisms daily, as well as food preparation 
(P. subcapitata algae) and changing their culture water multiple times per week.  
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Ephippia provide a more economical alternative to culturing adult D. magna, but they too 
have some drawbacks. Ephippia are shipped in tubes, wherein each tube contains a set number of 
unhatched ephippia.  
Table 2.10: Summary of expenses for different methods of obtaining Daphnia magna neonates 
for toxicity testing. 
 Culturing Ordering Neonates Ephippia 
One-Time Expenses    
Starter Kit $106.00 N/A N/A 
Recurring Expenses-(per week)    
Neonates N/A $188.50 $84.50 
Suwannee River Fulvic Acid $30.00 $60.00 $30.00 
Hours Spent Per Week in Lab >30 >12 >12 
Hourly Pay $15.00 $15.00 $15.00 
Total Cost per Week $480.00 $428.50 $294.50 
Number of Series Run per Week 4 8 4 
Total Cost Per Series Per Week $120.00 $53.56 $73.63 
 
Because some of the ephippia may have been damaged during the shipping process, or 
may not be hatchable at all, it was difficult to determine how many would actually hatch and thus 
produce neonates. Therefore, in order to have the minimum 480 neonates for a full toxicity test, a 
minimum of two tubes of ephippia had to be hatched. One time, however, even hatching two 
tubes did not produce of enough ephippia to successfully run a full set of toxicity tests. Because 
of the wide variability in the number of neonates hatched per tube, the risk of not having enough 
neonates versus vastly over-hatching neonates must be accounted for. The hatching of ephippia 
requires approximately 72 h, with toxicity testing starting no more than 90 h after the ephippia are 
removed from the tubes to be hatched. Because of this constraint, if not enough neonates are 
produced in a single hatching, it is impossible to hatch more neonates in the acceptable time span 
and ensure that all neonates are less than 24 h old. Ultimately, this is not an unreliable technique 
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for conducting toxicity tests, but many uncertainties about production of ephippial neonates may 
make this method less than desirable.  
Ordering neonates directly from Aquatic Biosystems, Inc was the most economical, most 
efficient, and least labor-intensive option. The key disadvantage of this alternative is simply the 
uncertainty in what is actually being received from the supplier. Unfortunately, there is no way 
for us to determine the generation of the neonate (for using neonates cultured in our laboratory, I 
had restricted the generations to N3 thru N5 i.e., the third through fifth brood) or an exact age, 
except to rely on the integrity of shipment from Aquatic Biosystems, Inc. Nonetheless, these 







3.1 Summary of Results and Implications 
 Many metals are ubiquitous in nature, which allows them to easily enter waterways. The 
addition of anthropogenic waste from municipalities, industries, and agriculture further 
contributes to mixtures of metals at various concentrations. Metals have the potential to impair 
aquatic biota, depending on the concentrations of the metals relative to their toxic effects. 
Furthermore, the toxicity tests I conducted with metal mixtures produced highly variable toxic 
effects, depending on the combinations of metals and their concentrations. All of the tests used 
the same basic water chemistry, with the same dissolved organic carbon (DOC) concentration, but 
nickel in combination with another metal caused significantly greater-than-additive, response-
additive, or less-than-additive toxicity depending on which metal it was paired with.  
 The range of toxicity while using the same metal in binary mixtures with a variety of other 
metals exemplifies why a reliable predictive modeling tool in this field would help advance water 
quality standards to incorporate metal mixtures instead of regulating on a metal-by-metal basis. 
Although it is possible to hypothesize mechanisms to explain more-than-additive of additive 
toxicity, the protective (less-than-additive) effects observed between nickel and cadmium remain 
somewhat a mystery. In order to fully explain the mechanism(s) affecting the toxicological 
outcome of metal mixtures in freshwater, it is necessary to understand not only the interactions of 
metals with other components of the water chemistry, but also to understand the interactions of 
metals with the biotic ligand.  
For this reason, additional chemical and ecotoxicological research on metal mixtures is 
needed to understand the sometimes puzzling trends and to increase reproducibility so metal-
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mixture toxicity can be predicted more accurately and precisely. Although testing binary mixtures 
is a start, metal combinations in natural systems often contain more than just two metals and have 
almost an unlimited variety of combination and concentrations. Therefore, toxicity testing would 
have to be expanded on an exponential scale to even attempt to capture all possible combinations. 
Because this type of testing is expensive and time consuming, many combinations of metals will 
likely never be evaluated. Nonetheless, the next small step would be to study ternary 
combinations of mixtures or evaluating the effects of varying water chemistry such as alkalinity, 
hardness or the concentration of DOC on binary mixtures.  In the preceding analysis, the 
concentrations needed to create an acute toxicity response were, in many cases, largely greater 
than current water quality standards would allow for. Further testing at lower, more 
environmentally representative concentrations would be beneficial towards determining the 
potential chronic toxicity of a mixture.  
 Effectively simulating natural waters in a laboratory is difficult, because natural water 
compositions can vary considerably from location to location, even within the same region. For 
this reason, it is difficult to draw sweeping generalizations about the effects of different metals 
and mixtures of metals without relying on predictive models. Nonetheless, the ability to control 
the parameters of the toxicity test is an imperative aspect to successfully narrowing down or 
ruling out the toxins to accurately conceptualize specific processes in the system. This is rarely 
achieved when toxicity tests are conducted in-situ, because the array of variables is usually too 
great to interpret which processes contribute to the observed constituents. The goal of my research 
is to produce a comprehensive, reliable database of laboratory toxicity-tests that will help predict 
metal-mixture toxicity and thereby improve water quality regulations.  
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Considerable work remains in order to fully understand the mechanisms behind metal -
mixture toxicity. Using free-metal ion electrodes after a solution has been allowed to equilibrate 
with DOC, the activity and, in turn, respective concentrations of each free metal ion in a mixture 
can be determined. This procedure should help elucidate metal-mixture competitionduring 
complexation with the DOC. Because I hypothesize that this is a major mechanism causing the 
more-than-additive toxicity of nickel-copper binary mixtures, I predict that the free metal ion 
concentration of copper will increase as nickel concentration is increased. The mechanism 
underlying the protection of nickel against cadmium toxicity is more difficult to explore, because 
I predict that this toxicity is a result of biological mechanisms. Using larger organisms to evaluate 
toxicity may allow for an accumulation study to determine if the major factor influencing this 
toxicity is an accumulation of nickel on the biotic ligand that blocks cadmium from binding to the 
biotic ligand and thus causing toxicity. I also plan to use multiple-metal Biotic Ligand Model in 
an attempt to accurately predict the toxicity of metal mixtures in natural systems.  Similarly, the 
development of a widely-accepted statistical method for determining the additivity or non-
additivity of a mixture would help advance the science of ecotoxicology. The statistical method I 
have proposed in Chapter 2 (and, to an extent have completed) attempts to take the variability of 
both the predicted response-additive mortality and the observed mortality in the metal-mixture 
into consideration, yet a great deal of work still is needed to decrease the variance in mortality 
when only a small sample size has been tested. Finally, toxicity tests with water chemistries 
similar to those seen in acid mine drainage situations will also be explored, and the laboratory 
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SUPPLEMENTAL ELECTRONIC FILES 
Supplemental spreadsheet in Appendix A contains data for all single-metal and binary-
mixture toxicity tests performed over the course of this study. The binary combinations (Ni-Cu, 
Ni-Cd, Ni-Zn) are divided onto different tabs within the spreadsheet. Each table contains the date 
of analysis, the major constituent ions of the water chemistry, pH, temperature, alkalinity, and 
mortality data of the toxicity test. File is in Excel 2003 format.  
BinaryMetalMixturesData.xlsx Compilation of raw data from single-metal and 
binary-mixture toxicity tests performed. 
 
